Limitations imposed by Four-Wave Mixing (FWM), Amplified Spontaneous Emission (ASE), dispersion and Stimulated Raman Scattering (SRS) on a multi-spam DWDM system are theoretically studied. In this work, expression for the linear dispersion parameter D has been defined as a function of number of channels in order to separate FWM and SRS effects and calculates both maximum fibre length and optimum power. Additionally, our simulation results consider the effect of ASE noise from Erbium Doped Fibre Amplifiers (EDFAs). This theoretical analysis yields a set of design criteria from optimized multi-span DWDM systems.
Introduction
Long distance high capacity optical transmission is achieved using optical fibre links in backbone of terrestrial and transoceanic communication systems. Linear and non-linear effects limit the capacity. Among the main non-linear effects are Four-Wave Mixing (FWM), Stimulated Raman Scattering (SRS), Stimulated Brillouin Scattering (SBS), Self-Phase Modulation (SPM), and Cross-Phase Modulation (XPM). Furthermore, Amplified Spontaneous Emission (ASE) noise from Erbium-Doped Fibres Amplifiers (EDFAs) is present. Dense Wavelength Division Multiplexing (DWDM) technology is used to make maximum use of the total bandwidth of single mode optical fibres [1] [2] . The effect of dispersion and nonlinearities limit the performance for transmission over long distances at data rates greater than 2.5 Gbits/s. EDFAs are used to compensate fibre losses and to increase the transmission distance, causing at the same time, an increase of ASE noise and nonlinearities. Different kinds of fibres have been designed to reduce the effect of dispersion and nonlinearities [3] [4] [5] . There are numerous studies on nonlinear impairments showing the importance and complexity of such phenomena for DWDM [6] - [11] .
In this paper, design parameters for multi-span DWDM system limited by FWM, SRS and ASE noise are proposed. The dispersion parameter limit is also calculated, and the optimum power transmission per channel is evaluated for different number of channels or inter-channel spacing. Additionally, our analysis shows different spectral regions where each nonlinearity is dominant, and how to find intersections where general spectral limits can be obtained, taking into account the combined effects of FWM, SRS, and ASE noise.
Model
The multi-spam DWDM model used is show in Figure 1 .
Where N is the number of channels, L a is the optical amplifier spacing, L is the system length, M is the number of segments, A 1 and A m-1 are the first and last EDFA respectively, f 1 and f N are the first and last frequency channel.
A total spectral bandwidth is considered. The WDM density parameter ∆f is a function of the number of channels N and can be expressed as:
The central frequency f is given by:
[ ] The FWM signal is located at a frequency ( )
given by the mixing of three signal frequencies , i j f f and k f co-propagating through a single-mode fibre, which generates a new wave frequency (FWM signal) by means of nonlinear interaction. The power of the FWM signal at the n f frequency is given by [10] [12]: Figure 1 . DWDM architecture. ) and ijk η is the FWM efficiency, given by:
where ijk β ∆ represents the phase mismatch which may be expressed in terms of signal frequency differences and fibre dispersion as:
here, D is the fibre chromatic dispersion coefficient which is wavelength dependent. In a multi-wavelength system with N wavelength channels of equal channel spacing, the total FWM power generated at the frequency f n may be expressed as a summation:
where the summation is made over all the relevant combinations which satisfy the relation:
We can define the term Y indicating the maximum values of the summation
In a system with equal power per channel ( ) i j k s P P P P = = = , the FWM power on the worst affected channel ( n w = ) is given by:
For the case of a system with different power levels, Equation (9) 
Nevertheless, for practical purposes all channels are considered to have equal power.
FWM can be considered as an interference signal, and supposing that the required optical signal to interference ratio is 20 dB (typical value) at the receiver 
The effect of ASE noise due to inline amplifiers is estimated next. The total amount of ASE noise power at the receiver increases with the number of amplifiers. Therefore, in long distance amplified systems the ASE noise dominates over other noise sources (shot noise and thermal noise), and the Bit Error Rate (BER) performance is mainly determined by optical signal-to-noise ratio (OSNR). The SNR can be estimated from a simple Gaussian approximation in [13] :
where o B is the bandwidth of the optical filter, e B is the electrical bandwidth of the receiver and Q a parameter related to BER given by:
The filter bandwidth should be large enough to pass the entire frequency contents of the selected channel but, at the same time, small enough to block the neighbouring channels and noise, typically õ B B and it represents the minimum optical bandwidth to avoid blocking signal [1] 
The FWM effect imposes an upper limit and ASE imposes, on the contrary, a minimum limit to the power per channel value when the transmission distance is increased. Therefore, the intersection between P and P m provides the maximum value of transmission distance (L = L max ) and P o _ fwm = P = P m is the optimum transmission power as shown below: 
Equations (13) and (14) are valid only for a systems limited by FWM and ASE noise.
Next it is important to calculate the dispersion limit. The limit of transmission distance for Intensity Modulation with Direct Detection (IM/DD) systems due to dispersion effect is given by the following expression [14] :
The effect of SRS-ASE can be considered in a similar way. In this case, an upper and lower limit can be obtained for the power per channel due to SRS-ASE.
To do this, a worst-case neglecting walk-off effect and dispersion are considered.
The maximum power to ensure a SNR degradation of less than 0.5 dB in the worst channel is given by [15] :
The intersection between P max_srs and Equation (12) gives a maximum value of transmission distance considering SRS and ASE noise:
So, the optimum transmission power for a system limited only by SRS and ASE noise is given by:
( ) The intersection between P max_srs and Equation (21) gives a maximum value of transmission distance considering SRS and ASE noise:
Equations (13) and (17) can be used to evaluate the optimal length for multi-span DWDM systems limited by FWM and SRS separately. Then, we can ana-lyse overlapping regions where both nonlinearities fix the same optimal length.
This intersection can provide us with a more general limit for the maximum length in the DWDM system considering the combined effects of FWM, SRS, and ASE respectively. With this procedure one can obtain the spectral limits of a DWDM system without considering the simultaneous analysis of both nonlinearities [16] . In this case, we have to be clear take that we are not interested to study the gradual degradation process through the fibre due to FWM an SRS, but rather the final degradation due to both nonlinearities in the worst channel.
Simulation Results and Discussion
The amplifier spacing (L a ) can be calculated according to typical values of receiver sensitivity as: S = −24 dBm, α = 0.25 dB/km (a in dB), P T = 1 mW.
A value of L a = 75 km (
) and a bit rate B = 2.5 Gbps per channel is considered in all our simulations. FWM-ASE interval domination. Figure 5 shows the evolution of the optimal power for different intervals in agreement with Equation (19) . As it can be seen, they are higher than the power threshold for SRS and SBS (Stimulated Brillouin Scattering) [17] [18] [19] [20]
[21]. Table 1 is obtained via Equations (13) (14) and (19) . It shows the maximum value of optimum power (P o_fwm ) and maximum length (L max ) in a FWM-ASE domain. P o_fwm and L max decrease depending of the interval of D, and value of D. For a DWDM system with N = 100 channels (∆f = 37.8 GHz), the maximum value of P o_fwm is 0.15 mW with a value of D = 3.09 ps/km·nm, and it can decrease depending on D.
P o_fwm varies in a range of 0.78 -0.15 mW for a range N of 1.21 -3.09 ps/km·nm up to N = 100 channels.
SRS-ASE interval domination. 
Conclusion
We have explored the limitations of a multi-span DWDM system imposed by FWM, ASE, dispersion and SRS for up to 100 channels. We have determined the conditions under which DWDM systems will be limited mainly by FWM and ASE, or SRS and ASE separately and altogether. In particular, for the FWM-ASE nonlinearities, the optimum power transmission per channel was calculated. The effect of SBS can be neglected because the power needed for these nonlinear effects to appear above their threshold is not reached and Brillouin gain band-
